Er 3+ doped SrTiO 3 ultrafine powders were prepared by solid state reaction in a molten NaCl flux. The structural properties were characterized by X-ray diffraction, field emission scanning electron microscopy, and Fourier transform infrared spectroscopy. The Stokes emission spectra of Er 3+ in SrTiO 3 :Er 3+ ranging from green to near infrared region were investigated under 514.5 nm laser excitation. The green and red upconverted luminescence spectra of Er 3+ were measured under excitation into the 4 I 9/2 level by 785 nm laser. The upconversion mechanisms were studied in detail through laser power dependence and Er 3+ ion concentration dependence of upconverted emissions, and results show that excited state absorption and energy transfer process are the possible mechanisms for the upconversion. The upconversion properties indicate that SrTiO 3 :Er 3+ may be used in upconversion phosphors.
I. INTRODUCTION
Rare earth ion doped luminescent materials, due to their characteristic emission bands ranging from ultraviolet, to visible, to infrared wavelengths region, have attracted great interest both in scientific and technological fields.
In recent years, the upconversion of infrared light to visible light of different materials, such as single crystals, optical fibers, glasses, nanocrystals and ultrafine powders, has been investigated extensively due to the search for all-solid compact laser devices operating in the blue-green region, upconversion phosphors, infrared quantum counter detectors, fluorescent labels for sensitive detection of biomolecules, temperature sensors, and three-dimensional displays . More recently, the availability of high-power infrared laser diodes has stimulated researches in the areas of upconversion. In upconversion process, two (or more) photons with low energy from excitation source are converted into one photon with higher energy. Trivalent rare earth ions such as Er 3+ , Tm 3+ , Ho 3+ , and Yb 3+ are doped as absorption and (or) emission centers in upconversion materials. Among these rare earth ions, because the intermediate levels 4 I 9/2 (around 12491 cm −1 ) and 4 I 11/2 (around 10276 cm −1 ) of Er 3+ can be conveniently populated by commercial low-cost high-power near-infrared laser diodes, Er 3+ doped materials are well suited for upconversion [2] [3] [4] [5] [6] 8] .
The upconversion performance of a material can be * Author to whom correspondence should be addressed. E-mail: ghh@zjnu.cn, Tel.: +86-579-82298570, Fax: +86-579-82291088 enhanced significantly by suitable selection of host matrix, and in this respect, low phonon energy is a desirable characteristic to minimize the probability of nonradiative decays in the near-infrared and visible spectral regions. [25] , and BaTiO 3 [17] , have been investigated as host matrix for upconversion phosphors due to their low vibrational frequencies and their excellent physical and chemical stability.
Strontium titanate (SrTiO 3 ), similar to BaTiO 3 , is a well-known material because of its good properties, such as high dielectric constant, high charge storage capacity, good insulating property, excellent chemical and physical stability and excellent optical transparency in the visible range. In addition, SrTiO 3 is suitable for host matrix as phosphors [7, [26] [27] [28] . For examples, red emission (
co-doped SrTiO 3 :Pr 3+ can be excited at a low anode voltage (even below 10 V) and the efficiency as high as 0.4 lm/W at 400 V anode voltages, which makes this material favorable to applications for low-energy electron excitation, e.g. field emission displays and vacuum fluorescent displays [26] . Enhancement of green emission (
by Al 3+ addition has also been investigated [28] . But there are few reports on the luminescent properties of Er 3+ doped SrTiO 3 except for our prior work on green and red upconversion luminescence in Er 3+ -doped and Er 3+ /Yb 3+ co-doped SrTiO 3 ultrafine powders produced by 980 nm laser excitation [7] .
In the present work, Er 3+ doped SrTiO 3 ultrafine powders were prepared by solid state reaction in a molten NaCl flux. Their structural properties were characterized by X-ray diffraction, field emission scanning electron microscopy and Fourier transform infrared spectroscopy. The Stokes emission spectra of Er 3+ in SrTiO 3 :Er 3+ range from green to near infrared region were investigated under 514.5 nm laser excitation. Under excitation into 4 I 9/2 level by 785 nm laser, strong green and red upconversion emission of SrTiO 3 :Er 3+ were recorded. The upconversion mechanisms were studied in detail through laser power dependence and Er 3+ ion concentration dependence of upconverted emissions. Excited state absorption and energy transfer process are discussed as possible mechanisms for the upconversion.
II. EXPERIMENTS
SrTiO 3 , SrTiO 3 :Er(0.5%), SrTiO 3 :Er(1%), SrTiO 3 : Er(2%), and SrTiO 3 :Er(4%) powders were prepared by solid state reaction in a molten NaCl flux [7, 29] . TiO 2 (A.R.), SrCO 3 (A.R.) and NaCl (A.R.) were purchased from Sinopharm Chemical Reagent Co., Ltd., China. Er 2 O 3 (99.99%) were purchased from Shanghai Yuelong Nonferrous Metals Limited, China. Appropriate quantities of TiO 2 , SrCO 3 , Er 2 O 3 , and NaCl were mixed and heated in a crucible at 1000
• C for 3 h, and then cooled quickly to room temperature. The obtained white powders were washed with pure water three times to get rid of the NaCl flux. The resulting samples were finally dehydrated by heating at 120
• C for 30 h. All the heat treatments were carried out under air atmosphere.
X-ray diffraction (XRD) patterns were carried out with a Philips X'Pert PRO SUPER X-ray diffractometer equipped with graphite monochromatized Cu Kα radiation (λ=1.54056Å) in the 2θ ranges from 10
• to 70
• . Morphology study of the SrTiO 3 powders was performed on a JEOL JSM-6700F field emission scanning electron microscope. An electron beam with 10 kV acceleration voltage and 9.4 µA current was used for imaging. Samples were coated with a gold thin film in order to avoid charging effects. The infrared spectra were recorded in the range of 4000-400 cm −1 with a Magna-IR 750 Fourier transform infrared spectrometer. For this measurement, the powders were dispersed and pressed in paraffin pellets.
The Stokes emission spectra and upconversion spectra were obtained by using a Renishaw RM1000 confocal microscope equipped with a thermo-electrically cooled CCD detector for signal detection and by using a 514.5 nm Ar + laser and a 785 nm semiconductor laser as the excitation source, respectively. All the measurements were carried out at room temperature.
III. RESULTS AND DISCUSSION
A. Structural properties Figure 1 shows the XRD patterns of SrTiO 3 and SrTiO 3 :Er(1%) powders. The diffraction patterns show that the sample crystallized in cubic (Pm3m) SrTiO 3 crystalline phase (JCPDS card No.84-0444). For low concentration doping of Er 3+ , there is no diffraction peaks of Er 2 O 3 in XRD patterns, indicating that the Er 3+ substitute for Sr 2+ even though charge compensation is required [29] . Figure 2 gives the FE-SEM images of SrTiO 3 and SrTiO 3 :Er(1%) powders. The observations show that the particle size distribution was broad and the average diameter was about 200 nm. The low concentration dopants of Er 3+ do not influence the structure and morphology of SrTiO 3 .
The upconversion efficiency is governed principally by the nonradiative process of the host materials. Atomic
FIG. 1 XRD of pure and Er
3+ doped SrTiO3 powders. From Fig.3, we 
ion concentration, indicating that the quenching concentrations for all emissions are about 1%. Figure 3 also indicates that the intensity ratio of all emissions, especially the intensity ratio of red emissions to green emissions, are the same for all samples, which means that the same emission mechanisms accounted for the Stokes emissions. Figure 4 give the Stokes emission. The rates of these nonradiative processes are the same for all Er 3+ ion concentrations and cause the same intensities ratio for all emission bands. Figure 5 is the upconversion luminescence spectra of SrTiO 3 :Er 3+ powders with different doping concentration under 785 nm excitation with the same laser power, and keeping the same experimental conditions. In all samples, the bands in the green region 512-537 and 537-570 nm are assigned to the transitions 2 H 11/2 → 4 I 15/2 and 4 S 3/2 → 4 I 15/2 , respectively, while the band in the red region 640-690 nm is assigned to 4 F 9/2 → 4 I 15/2 transition [2, 8] , which is identical with the Stokes emission spectra.
The intensities of red emissions and the intensity ratio of red emissions to green emissions increase with Er 3+ ion concentration. While the intensities of green emissions first increase and then decrease with Er 3+ ion concentration. Such a phenomenon indicates that the upconversion mechanisms accounting for green and red emissions are different and complicated, and indicates that the quenching concentration is about 1% for green emissions and is about 4% for red emissions, and shows that we can control the red or green upconversion emission by controlling the Er 3+ ion concentration [8] [9] [10] [11] [12] . In order to understand the energy upconversion mechanisms of the observed upconversion emissions, the upconverted luminescence intensity I of these transitions was measured as a function of pump power P . It is well known that I is proportional to the nth power of P , i.e.:
where n is the number of pump photons absorbed per upconverted photon emitted [2] . A plot of lgI versus lgP yields a straight line with slope n. The power dependence of I is shown in Fig.6 ) emissions, respectively. These results show that two photon process is responsible for green and red upconversion [2] .
The excited states for upconversion can be populated by several well-known mechanisms: (i) excited state absorption (ESA), (ii) energy transfer (ET), and (iii) photon avalanche [5] . Photon avalanche was ruled out as a possible mechanism for upconversion because no inflection point was observed in the power study. Figure  6 pictures the probable upconversion mechanisms accounting for the green and red emissions under 785 nm excitation [2, 6, 9] . Er 3+ are excited from the ground state 4 I 15/2 level to 4 I 9/2 level by absorbing one 785 nm laser photon. From 4 I 9/2 level, the Er 3+ decay through a nonradiative process into 4 I 11/2 metastable level and subsequently into the 4 I 13/2 metastable level. The ions in the 4 I 11/2 level sequentially absorb another 785 nm photon and are raised to 4 F 3/2,5/2 levels. This is an excited state absorption process, labeled as ESA1 (in Fig.7) . The ions in the 4 F 3/2,5/2 levels undergo multi-phonon relaxation through 4 F 7/2 to 2 H 11/2 and 4 S 3/2 levels. Another possible ESA route, that can populate the 4 S 3/2 level also, is the absorption of 785 nm photon from 4 I 13/2 level to 2 H 11/2 level (ESA2 in Fig.7) . There is a possible energy transfer route that can also populate those luminescent levels. An excited ion relaxes from 4 
where W n is the rate at temperature T , W 0 is the rate at 0 K, n=∆E/hv, ∆E is the energy gap between the levels involved, v is the relevant phonon's frequency. Due to the low phonon cutoff of SrTiO 3 host and the energy gap ∆E between 4 S 3/2 and 4 F 9/2 levels is about 3200 cm −1 , it requires at least 5 phonons to bridge this energy gap. As a result, the nonradiative relaxation from 4 S 3/2 level is inefficient, which is confirmed by the low intensity of red emissions in low doping concentration (0.5%) samples in upconversion spectra (Fig.6(a) ) and the low intensity of red emissions for all samples in the Stokes spectra (Fig.3) . From 4 F 9/2 levels, the Er
3+
give the red upconversion emissions. If upconversion takes place only via these above mechanisms, the red emission would not exceed the green upconversion luminescence and the intensity ratio of red emissions to green emissions would be equal for all Er 3+ ion concentration studied. From the different intensities ratio of red emissions versus green emissions in different Er 3+ ion concentration samples (in Fig.5) , it is reasonable to assume that there must be another ET process that only populates the 4 F 9/2 level. A possible scheme, which can explain the behavior of the red emissions, is a cross relaxation energy transfer. An excited ion relaxes from 4 I 11/2 level to 4 I 15/2 level nonradiatively and transfers the excitation energy to a neighboring Er 3+ in the 4 I 13/2 level, promoting the latter to 4 F 9/2 level, which can being described as Fig.7 ). In fact (Fig.5) , the ET2 process is more efficient than ET1 process as a function of increasing Er 3+ ion concentration. This may be due to the difference in the transition nature (dipole-dipole, dipole-quadrupole).
For Fig.7 ) [30] . Similar phenomenon has also been observed in ZrO 2 :Er [11, 13, 14] and Gd 2 O 3 :Er [9] upconversion phosphors. This cross relaxation process is effective at high Er 3+ ion concentration and quenching of 2 H 11/2 , 4 S 3/2 levels takes place. The same phenomena were observed in the Stokes emission spectra also.
ESA process is a single ion process and is independent of the ion concentration, while ET process involves two ions and ET process rate will increase with Er 3+ ion concentration. Usually, for low concentration samples (SrTiO 3 :Er 3+ (0.5%)), ESA1 and ESA2 processes are the dominant excitation routes for green emissions, and nonradiative relaxation from the 4 S 3/2 level is the dominant mechanism for red emissions. For high concentration samples (SrTiO 3 :Er 3+ (4%)), ESA1, ESA2, and ET1 processes are the dominant excitation routes for green emissions, and ET2 process is the dominant mechanism for red emissions.
IV. CONCLUSION
In conclusion, Er 3+ doped cubic SrTiO 3 ultrafine powders were prepared in a molten NaCl flux. The samples crystallized in typical cubic SrTiO 3 structure with particle size of about 200 nm. Under 514.5 nm laser excitation, SrTiO 3 :Er 3+ samples give emissions ranging from green to near infrared region. Under 785 nm laser excitation, the samples show strong green and red upconversion emissions. The laser power dependence on upconverted emissions revealed that a two photon process led to the upconversion emissions. The detailed upconversion mechanisms accounting for green and red emissions are discussed. Our results show that the red or green upconversion emission can be controlled by changing the Er 3+ ion concentration and indicate that rare earth ion doped SrTiO 3 ultrafine powders may find potential applications in upconversion phosphors, and in detectors for infrared radiation. 
